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ABSTRACT 

The des ign  and use  of  a D . C .  probe f o r  r o c k e t  measurements of e l e c t r o n  

d e n s i t y  and e l e c t r o n  t enpe ra tu re  i n  t h e  ionosphere i s  desc r ibed .  

probe i s  based on t h e  Langmuir probe technique i n  a form which i s  par -  

t i c u l a r l y  s u i t a b l e  f o r  t h e  i n v e s t i g a t i o n  of  f e a t u r e s  of  t h e  ionosphere 

involv ing  s t e e p  g r a d i e n t s ,  such as Sporadic-E. The p o t e n t i a l  v a l u e  of 

t h e  probe i n  t h e  D r eg ion  i s  i n d i c a t e d .  

The 

i 



TABLE OF CONTENTS 

Sect ion 

1 

2 

3 

Title Page 

ABSTRACT i 

ILLUSTRATIONS iii 

LANGMUIR PROBE THEORY 2 

1.1 Retarding Potential Analysis 2 
1.2 Plasma Sheath 5 
1.3 Non-Maxwellian Energy Distribution 7 
1.4 Positive Ion Current 9 
1.5 Floating Potential 10 
1.6 Bi-Polar Probe 10 
1.7 Limitations of Probe Theory 12 

THE PROBE IN THE IONOSPHERE 14 

2.1 Useful Altitude Range 14 
2.2 Environment of the Vehicle 16 
2.3 Vehicle Motion 17 

2.5 Measurement of Ionospheric Irregularities 20 
2.6 Telemetry Requirements 23 
2.7 Contact Potential 23 
2.8 Probe in the D Region 26 

INSTRUMENTATION 28 

2.4 Magnetic Field 19 

3.1 General Arrangement 
3.2 Program Unit 
3.3 Electrometer 
3.4 Special Notes 
3.5 Data Reduction 

28 
34 
36 
39 
40 

4 CONCLUSION 45 

APPENDIX A THE ASYMMETRICAL BI-POLAR PROBE 47 

. 

ii 



LIST OF ILLUSTRATIONS 

Figure No. Caption Page 

1-1 Electron random current density as function 
of electron density for three values of 
electron energy. 4 

1-2 

1-3 

2- 1 

2- 2 

2-3 

2-4 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

3-9 

3-10 

A- 1 

A- 2 

Debye shielding length as a function of  elec- 
tron density for three values of electron 
energy. 6 

Theoretical semi-log plot of electron current. 8 

Effect of vehicle velocity on ion current. 18 

Probe voltage program. 22 

Variation of contact potential. 25 

Profiles of probe current in the D and lower 
E region. 27 

Payload of Nike-Cajun 10.52. 29 

Instrument with heat shield removed. 30 

Probe circuit schematic. 32 

Nose tip electrode. 33 

Program unit. 35 

Electrometer 37 

Electrometer calibration thyrite resistor in 
feedback loop. 38 

Sections of telemetry record showing elec- 
tron density profile, 7 November 1962, 
0525 EST. 41 

Current-voltage characteristic. 43 

Semi-log plot of electron current vs probe 
potential. 44 

Current-voltage characteristics for four 
values of  area ratio. 50 

Semi-log plot of current-voltage charac- 
teristics for bi-polar probes. 53 

iii 



NOMENCLATURE 

A probe a r e a  

e 

. 

e e l e c t r o n  charge 

h Debye l eng th  

i c u r r e n t  

i e l e c t r o n  random c u r r e n t  

i p o s i t i v e  i o n  random c u r r e n t  

j c u r r e n t  d e n s i t y  

e 

+ 
, *  

e l e c t r o n  random c u r r e n t  d e n s i t y  

p o s i t i v e  ion  random c u r r e n t  d e n s i t y  

'e 

j+ 

k Boltzmann cons t an t  

m e l e c t r o n  mass 

m p o s i t i v e  i o n  mass 

M molecular  weight 

e 

+ 

n e l e c t r o n  d e n s i t y  

T e l e c t r o n  temperature  

T+ p o s i t i v e  i o n  temperature  

v v e h i c l e  v e l o c i t y  

e 

e 

- 
v e l e c t r o n  mean v e l o c i t y  

v+ p o s i t i v e  i o n  mean v e l o c i t y  

e - 

V probe p o t e n t i a l  

Ve e l e c t r o n  energy ( v o l t s )  

Vf  f l o a t i n g  p o t e n t i a l  

(7 a r e a  r a t i o  

q p o t e n t i a l  r a t i o  
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SECTION 1 

LANGMUIR PROBE THEORY 

1.1 RETARDING POTENTIAL ANALYSIS 

The u s e  of a probe i n  s tudying plasmas w a s  o r i g i n a l l y  p u t  on a 

sound t h e o r e t i c a l  b a s i s  by Langmuir and h i s  co l l eagues  more than  t h i r t y  

y e a r s  ago. 'I-') 

plasma and the  c u r r e n t  t o  i t  i s  determined as a f u n c t i o n  of t h e  poten- 

t i a l  of  t h e  e l e c t r o d e .  From the  r e s u l t i n g  c u r r e n t - v o l t a g e  c h a r a c t e r i s -  

t i c  t he  e l e c t r o n  energy d i s t r i b u t i o n  and the  e l e c t r o n  d e n s i t y  a r e  ob- 

t a i n e d  * 

Experimental ly ,  an e l e c t r o d e  i s  i n s e r t e d  i n t o  t h e  

When t h e  e l e c t r o d e  i s  e x a c t l y  a t  t h e  p o t e n t i a l  of  t h e  plasma t h e  

e l e c t r o n  c u r r e n t  t o  i t  i s  determined by t h e  random thermal motions of 

t h e  e l e c t r o n s  i n  the  gas .  From k i n e t i c  theory t h e  number of e l e c t r o n s  

s t r i k i n g  u n i t  area p e r  second i s  n 7 / 4  where n i s  t h e  e l e c t r o n  den- e e  e 

s i t y  and v t he  mean e l e c t r o n  v e l o c i t y .  Since each e l e c t r o n  c a r r i e s  

a charge e ,  t h e  e l e c t r o n  random c u r r e n t  d e n s i t y  j i s  g iven  by 

e 

e 

j e  = nee < I 4  
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” 

The mean e l e c t r o n  v e l o c i t y  7 i s  r e l a t e d  t o  t h e  e l e c t r o n  tempera- e 

t u r e  T by e 

where k i s  t h e  Boltzmann cons t an t  and m i s  t h e  e l e c t r o n  mass. The 

use  h e r e  of e l e c t r o n  temperature imp l i e s  a Maxwellian d i s t r i b u t i o n ,  

i , e , ,  thermal equ i l ib r ium.  Numerically,  

e 

1 
5 z  - 

v = 6 ,21  x 10 T cm/sec e e (1-3a) 

o r  

1 

(1-3b) 7 z  

where Ve i s  t h e  e l e c t r o n  energy i n  v o l t s .  

- 
v = 6.69 x 10 Ve cm/sec e 

The v a r i a t i o n  of e l e c t r o n  random c u r r e n t  d e n s i t y  as a f u n c t i o n  of 

e l e c t r o n  d e n s i t y  i s  shown i n  F igu re  1-1 f o r  t h r e e  v a l u e s  of e l e c t r o n  

energy 

As t h e  e l e c t r o d e  i s  made nega t ive  wi th  r e s p e c t  t o  t h e  plasma, 

on ly  those  e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  than t h e  r e t a r d i n g  poten- 

t i a l  can s t r i k e  t h e  e l e c t r o d e .  For r e t a r d i n g  p o t e n t i a l s  t h e  e l e c t r o n  

c u r r e n t  d e n s i t y  j i s  g iven  by 

j = j e  exp(eV/kTe) (1-4) 

where V i s  t h e  r e t a r d i n g  p o t e n t i a l .  

3 
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Figure 1-1. Electron random current density as function of electron 
density for three values of electron energy. 
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Equat ions (1-1), (1-2) and (1-4) above, d e f i n e  t h e  theory of t he  

Langmuir probe technique i n  i t s  s imples t  p o s s i b l e  terms. 

1 . 2  PLASMA SHEATH 

Important  t o  t h e  b a s i c  theory of t he  Langmuir probe,  though n o t  

appearing e x p l i c i t l y  i n  t h e  formulae quoted above, i s  t h e  concept of 

t h e  plasma shea th - - the  space charge r eg ion  ad jacen t  t o  t h e  e l e c t r o d e .  

I t  w i l l  be r e a l i z e d  t h a t  t he  shea th  has  zero t h i c k n e s s  ( i o e o ,  does no t  

e x i s t )  when t h e  e l e c t r o d e  i s  a t  plasma p o t e n t i a l .  The concept of t h e  

shea th  i s  important  i n  two r e s p e c t s :  (1) i t  p rov ides  a c r i t e r i o n  f o r  

t h e  v a l i d i t y  of t h e  technique;  namely, t h a t  t h e  mean f r e e  p a t h  be l a r g e  

compared wi th  the  shea th  t h i c k n e s s ,  and (2) i t  p rov ides  a method of 

computing t h e  c u r r e n t - v o l t a g e  curves f o r  a c c e l e r a t i n g  p o t e n t i a l s .  

Such c a l c u l a t i o n s  have been given i n  d e t a i l  by Mott-Smith and 

Langmuir a (1- 2) 

The t h i c k n e s s  of t h e  plasma shea th  v a r i e s  w i th  t h e  p o t e n t i a l  of 

t h e  e l e c t r o d e ,  b u t  t h e  s c a l e  of t h i ckness  can convenient ly  be expres- 

sed i n  t e r m s  of the plasma p r o p e r t i e s  by the Debye s h i e l d i n g  l eng th  h ,  

de f ined  by t h e  equa t ion  

The v a r i a t i o n  of Debye s h i e l d i n g  l e n g t h  wi th  e l e c t r o n  d e n s i t y  i s  

shown i n  F igu re  1-2  f o r  t h r e e  v a l u e s  of e l e c t r o n  energy. 
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Figure 1-2. Debye shielding length as a function of electron 
density for three values of electron energy. 
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The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  f o r  a c c e l e r a t i n g  p o t e n t i a l s  i s  

Exact expres s ions  a f u n c t i o n  of t h e  shape and s i z e  of t h e  e l e c t r o d e ,  

are a v a i l a b l e  when t h e  dimensions of t he  e l e c t r o d e  are ve ry  l a r g e  o r  

ve ry  s m a l l  compared wi th  t h e  Debye s h i e l d i n g  l eng th :  

(1) Large p l ane  

(2)  Long t h i n  c y l i n d e r  

1 1 

j = j e$  re)’ + exp k - e r f  r) kTe r> (1-7) 

( 3 )  S m a l l  sphere 

A normalized semi-log p l o t  of e l e c t r o n  c u r r e n t  v e r s u s  v o l t a g e  i s  shown 

i n  F igu re  1-3 f o r  t h e s e  t h r e e  e l e c t r o d e  c o n f i g u r a t i o n s .  The l a r g e  

p l a n e  and s m a l l  sphere are l i m i t i n g  c a s e s ;  a l l  o t h e r  e l e c t r o d e  shapes 

r e s u l t  i n  p l o t s  f a l l i n g  w i t h i n  t h e  r e g i o n  between t h e s e  two curves.  A s  

noted b e f o r e ,  f o r  r e t a r d i n g  p o t e n t i a l s  t h e  c u r r e n t  d e n s i t y  i s  independ- 

e n t  of e l e c t r o d e  shape and t h e  semi-log p l o t  r e s u l t s  i n  a s t r a i g h t  l i n e  

where s l o p e  g i v e s  t h e  e l e c t r o n  temperature .  

e l e c t r o d e  i s  a t  plasma p o t e n t i a l  i s  r e a d i l y  i d e n t i f i e d  by t h e  change 

i n  s l o p e  on this semi-log p l o t .  

The p o i n t  a t  which t h e  

, 

1 0  3 NON-MAXWELLIAN ENERGY DISTRIBUTION 

When t h e  e l e c t r o n  energy d i s t r i b u t i o n  i s  n o t  Maxwellian t h e  

l o g  j - V  p l o t  i s  n o t  linear i n  t h e  r e t a r d i n g  p o t e n t i a l  r e g i o n .  The 

7 
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Figure 1-3. Theoretical semi-log plot of electron current. 
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c u r r e n t - v o l t a g e  curve may s t i l l  be analysed,  however, t o  g i v e  t h e  

a c t u a l  e l e c t r o n  energy d i s t r i b u t i o n .  A copvenient method, due t o  

Druyvesteyn, ( l q 3 )  u ses  the  second d e r i v a t i v e  d j/dV . Expressed 2 2 

i n  terms of t he  e l e c t r o n  energy i n  v o l t s ,  Ve ,  t he  d i s t r i b u t i o n  f u n c t i o n  

F(Ve) i s  given by 

Several  methods a r e  a v a i l a b l e  f o r  ob ta in ing  the  second d e r i v a t i v e  

e l e c t r i c a l l y  though only r e c e n t l y  has  the theory of such methods been 

d i scussed  g e n e r a l l y .  (1-4) The automatic technique was no t  incorpora-  

t e d  i n  the  instrument  descr ibed i n  t h i s  r e p o r t .  

1 . 4  POSITIVE I O N  CURRENT 

The c u r r e n t  t o  the  e l e c t r o d e  i s  the  sum of c u r r e n t s  due t o  pos i -  

t i v e  i o n s  as w e l l  a s  e l e c t r o n s .  (Here and l a t e r  we p o s t u l a t e  t he  ab- 

sence of nega t ive  i o n s . )  The p o s i t i v e  ion  component of t h e  c u r r e n t  i s  

g iven  by Equations (1-1) ,  (1-2) and (1-4) when t h e  s i g n  of t h e  poten- 

t i a l  i s  r eve r sed  and j 

responding q u a n t i t i e s  j 

mass of t h e  p o s i t i v e  i o n  ( f o r  atomic oxygen m /m = 16 x 1836)’ t he  

- 
and m a r e  s u b s t i t u t e d  f o r  t he  cor-  +’ T+’ v+ + 
- 

and m . Because of t he  much g r e a t e r  e ’  T e *  ve  e 

+ e  

p o s i t i v e  i o n  random c u r r e n t  d e n s i t y  i s  smaller  than the  e l e c t r o n  ran-  

dom c u r r e n t  d e n s i t y  by a f a c t o r  of about 170. This has  two important  

consequences: (1) c o r r e c t i n g  t h e  observed c u r r e n t  t o  o b t a i n  t h e  e l e c -  

t r o n  c u r r e n t  i nvo lves  a small q u a n t i t y ,  and (2)  because t h e  i o n  

9 



current is small it is not practical to use the.technique to obtain 

positive ion densities and temperatures. 

1.5 FLOATING POTENTIAL 

The potential at which the total electrode current is zero is of 

considerable significance in rocket and satellite measurements. This 

is a negative potential V known as the floating (or wall) potential, 

because any isolated conductor or insulator will come to this poten- 

tial under electron and positive bombardment. Since the positive ion 

and electron currents must be equal in magnitude, the value of Vf is 

given by 

f 

or 

= kT loge (je/j+) = 5.1 kT eVf e e 

Thus the floating potential is almost equal to five for (je/j+) = 170. 

times the electron energy when both are expressed in volts. 

value is very insensitive to the particular values assumed for ion 

mass and ion temperature. 

This 

1.6 BI-POLAR PROBE 

An important development of the Langmuir probe technique is 

known as the floating double-probe method. Two probes are in- 

serted in the plasma and the current flowing between them is measured 

10 



as a func t ion  of t he  v o l t a g e  d i f f e r e n c e  without  r e f e r e n c e  t o  the  a c t u a l  

p o t e n t i a l  of t he  plasma. The method w a s  o r i g i n a l l y  developed t o  minimize 

the  r e a c t i o n  of t he  probes on the  plasma under i n v e s t i g a t i o n .  

a l s o  used on r o c k e t s  and s a t e l l i t e s  where no r e f e r e n c e  p o t e n t i a l  i s  

a v a i l a b l e .  

It  i s  

The two probes comprising t h e  b i - p o l a r  arrangement a r e  n o t  neces- 

s a r i l y  equal  i n  s i z e  or  shape. I f  t h e  i n e q u a l i t y  i n  s i z e  of t he  two 

probes i s  cons ide rab le  then the  smaller  can be t r e a t e d  as a s i n g l e  probe, 

t he  o t h e r  providing a cons t an t  r e f e r e n c e  p o t e n t i a l .  

c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  as a func t ion  of t he  a r e a  r a t i o  (a) i s  

given i n  t h e  appendix. 

An a n a l y s i s  of t he  

Three modes of ope ra t ion  of a b i - p o l a r  probe a r e  determihed by the  

magnitude of t he  a r e a  r a t i o  of the probes u and the  r a t i o  o f  e l e c t r o n  t o  

ion  random c u r r e n t  d e n s i t y  j / j  * e +' 
(1) 1s (T < je / j+.  I n  t h i s  mode of ope ra t ion  n e i t h e r  probe can be 

d r i v e n  p o s i t i v e  wi th  r e s p e c t  t o  the  plasma. Hence t h e  e l e c t r o n  random 

c u r r e n t  d e n s i t y  i s  no t  measured. I n  a d d i t i o n  the  va lue  of e l e c t r o n  

temperature t h a t  i s  obtained i s  r e p r e s e n t a t i v e  of t h e s e  e l e c t r o n s  w i t h  

e n e r g i e s  g r e a t e r  than a c e r t a i n  v a l u e .  There i s  ve ry  l i t t l e  t o  recommend 

t h i s  mode of ope ra t ion .  

(2)  j e / j + <  IJ < 10 je / j+.  E l e c t r o n  and ion  random c u r r e n t  d e n s i t i e s  

are measured. The e l e c t r o n  temperature i s  obtained f o r  a complete 

spectrum of e l e c t r o n  ene rg ie s  and i t  i s  p o s s i b l e  t o  t e s t  f o r  a Max- 

w e l l i a n  d i s t r i b u t i o n .  

11 



(3 )  1 0 j e / j + g  u. The merits of t h e  p rev ious  mode are p r e s e n t  with 

t h e  advantage t h a t  t h e  d a t a  e v a l u a t i o n  i s  somewhat s i m p l i f i e d .  

t h e  disadvantage t h a t ,  f o r  a given t o t a l  probe area, t h e  probe cur-  

r e n t  i s  r a t h e r  small .  

It has  

The optimum area r a t i o  f o r  t h e  b i - p o l a r  probe i s  considered t o  

be CT = 1 0 j e / j + .  

Another r e s u l t  of t h i s  a n a l y s i s  i s  t h a t  t h e  v a l u e  of e l e c t r o n  

temperature  t h a t  i s  obtained i s  n o t  a f f e c t e d  by t h e  area r a t i o  of t h e  

e l e c t r o d e s .  

1 . 7  LIMITATIONS OF PROBE THEORY. 

There are r e s t r i c t i o n s  on t h e  u s e  of t h e  Langmuir probe. The 

fol lowing c r i t e r i a  must be m e t  when applying t h e  probe t o  t h e  s tudy 

of d i s c h a r g e s  i n  gases:  

(1) The probe dimensions must be small i n  comparison t o  s i g n i f i -  

c a n t  changes i n  p o t e n t i a l  over t h e  space i t  occup ies .  

( 2 )  The c u r r e n t  drawn by t h e  probe must n o t  d i s t u r b  t h e  plasma. 

(3)  There must be no c o l l i s i o n s  w i t h i n  t h e  shea th  (i..e., t h e  

mean-free p a t h  must b e  l a r g e  compared wi th  t h e  shea th  t h i c k n e s s ) .  

( 4 )  There must be no p roduc t ion  of e l e c t r o n s  by impact,  photo- 

emission,  e t c . ,  a t  t h e  probe s u r f a c e .  

(5) Contact p o t e n t i a l  d i f f e r e n c e s  must be c o n s t a n t .  

(6) Radio-frequency f i e l d s  must be absen t  (because of t h e  pos- 

s i b i l i t y  of e x c i t i n g  plasma o s c i l l a t i o n s ) .  

12 



(7)  The geometry of t h e  probe arrangement must be c l e a r l y  de f ined .  

Within t h e  l i m i t a t i o n s  imposed by t h e s e  c r i t e r i a ,  t h e  Langmuir 

probe h a s  proved an e l e g a n t  and powerful t o o l  f o r  t h e  s tudy of low 

p r e s s u r e  d i scha rges .  Attempts have been made t o  extend t h e  u s e  of t h e  

probe t o  o t h e r  c o n d i t i o n s ,  p a r t i c u l a r l y  t o  h ighe r  p r e s s u r e s ,  ( i . e . ,  

s h o r t  mean f r e e  p a t h s )  b u t  t h e  i n t e r p r e t a t i o n  under t h e s e  c o n d i t i o n s  

i s  u n c e r t a i n .  

13 



SECTION 2 

THE PROBE I N  THE IONOSPHERE 

2 1 USEFUL ALTITUDE RANGE 

The ionosphere i n  t h e  E r e g i o n  p rov ides  an almost i d e a l  plasma 

Values of some of f o r  a p p l i c a t i o n  of t h e  Langmuir probe technique.  

t h e  r e l e v a n t  q u a n t i t i e s  are g iven  i n  Table 2-1 .  

probe i s  i n v a l i d  a t  h e i g h t s  below about 90 km because two important  

f a c t o r s  do n o t  meet t h e  c r i te r ia  p rev ious ly  given:  

p a t h  i s  n o t  l a r g e  compared wi th  t h e  Debye l e n g t h  and (2)  n e g a t i v e  i o n s  

are p r e s e n t  i n  s i g n i f i c a n t  numbers. 

The theory of t h e  

(1)  t h e  mean f r e e  

The u s e  of t h e  probe i n  t h e  F r e g i o n  i s  l i m i t e d  by photoemission. 

The p h o t o e l e c t r i c  c u r r e n t  d e n s i t y  from a tungs t en  s u r f a c e  exposed t o  

una t t enua ted  s o l a r  r a d i a t i o n  i s  about 4 x 10 

equa l  t o  t h e  random c u r r e n t  f o r  a v a l u e  of e l e c t r o n  d e n s i t y  of about 

4 x 10 cm (a t  a temperature  of 10 K). This  g i v e s  an upper l i m i t  

t o  t h e  h e i g h t  range f o r  daytime measurements of about 1000 km. 

-9  2 
amp/cm This  i s  

3 - 3  30 
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2 . 2  ENVIRONMENT OF THE VEHICLE 

0 

The atmosphere i n  the  v i c i n i t y  of a r o c k e t  o r  s a t e l l i t e  i s  d i s -  

turbed from i t s  quas i - equ i l ib r ium s t a t e .  The e l e c t r o n  d e n s i t y ,  probably 

more than ar;y o the r  p rope r ty ,  i s  s u s c e p t i b l e  t o  cons ide rab le  modizica- 

t i o n .  I f  a probe i s  t o  succeed i n  measuring ambient e l e c t r o n  d e n s i t y  

i t  i s  of t h e  utmost importance t h a t  t he  i n t e r a c t i o n  of t h e  v e h i c l e  

and t h e  ionosphere be  understood.  

tance  are: 

Considered t o  be  of p o t e n t i a l  impor- 

(1) I o n i z a t i o n  by R.  F. e x c i t a t i o n ,  i nc reas ing  t h e  e l e c t r o n  

d e n s i t y  . 
( 2 )  Absorpt ion of R .  F. energy,  i nc reas ing  t h e  e l e c t r o n  temperature .  

( 3 )  R e c t i f i c a t i o n  a t  t h e  an tennas ,  modifying t h e  v e h i c l e  p o t e n t i a l .  

( 4 )  Escaping gas  and outgass ing ,  tending t o  d i l u t e  t h e  plasma. 

( 5 )  Vehicle  motion, modifying t h e  s p a t i a l  d e n s i t y  d i s t r i b u t i o n .  

(6)  Shock wave i o n i z a t i o n ,  i nc reas ing  t h e  e l e c t r o n  d e n s i t y .  

( 7 )  Photo emission from the  v e h i c l e ,  modifying t h e  v e h i c l e  

p o t e n t i a l .  

(8) Magnetic f i e l d s  ( inc luding  t h e  geomagnetic f i e l d )  modifying 

t h e  probe c u r r e n t .  

E f f e c t s  a s s o c i a t e d  wi th  the  R .  F .  t r a n s m i t t e r s ,  when, a s  u s u a l l y  

i s  t h e  case, t h e  d a t a  i s  te lemetered ,  wi th  g a s  contaminat ing t h e  

environment and wi th  v e h i c l e  motion can ,  i n  p r s c t i c e  be made n e g l i g i b l e  

by s u i t a b l e  des ign  of t h e  experiment .  Photoemission ( i n  daytime) and 

t h e  geomagnetic f i e l d  a r e  l e f t  as be ing  inhe ren t  l i m i t a t i o n s  on a 

probe measurement of e l e c t r o n  d e n s i t y .  The theory  o f  o p e r a t i o n  of t he  

probe should be  modif ied t o  inco rpora t e  these  e f f e c t s .  

16 



2 . 3  VEHICLE MOTION 

I t  i s  i n  t h e  n a t u r e  of r o c k e t  and s a t e l l i t e - b o r n e  in s t rumen t s  

they are moving with s i g n i f i c a n t  v e l o c i t y  r e l a t i v e  t o  t h e  plasma. It  

i s  important  t o  cons ide r  t he  e f f e c t  of t h i s  r e l a t i v e  motion on the  

o p e r a t i o n  and i n t e r p r e t a t i o n  of t he  probe. Two separate a s p e c t s  of 

t he  motion can be d i s t i n g u i s h e d .  

2 . 3 . 1  E f f e c t  of Motion on I o n  Current .  The v e l o c i t y  of a sounding 

r o c k e t  (say 1 km/sec) i s  comparable w i t h ,  and t h e  v e l o c i t y  of a s a t e l -  

l i t e  (say 8 km/sec) i s  apprec i ab ly  g r e a t e r  t han ,  t h e  mean v e l o c i t y  of 

t h e  i o n s  (of t h e  o rde r  of 1 km/sec),  al though both are ve ry  small com- 

pared wi th  t h e  mean v e l o c i t y  of e l e c t r o n s  (about 200 kmlsec).  The i o n  

c u r r e n t  t o  an e l e c t r o d e  i s  inc reased  due t o  r e l a t i v e  motion whereas t h e  

e l e c t r o n  c u r r e n t  i s  n o t  apprec i ab ly  changed. An e x a c t  expres s ion  h a s  

been given by Sagalyn, Smiddy and Wisnia(2-1) f o r  a s p h e r i c a l  e l e c t r o d e .  

This  i s  shown g r a p h i c a l l y  i n  F igu re  2-1.  When t h e  v e h i c l e  v e l o c i t y ,  v ,  

e q u a l s  t h e  mean ion  v e l o c i t y ,  v 

p e r c e n t  above t h e  v a l u e  wi th  no r e l a t i v e  motion. For a s a t e l l i t e  having 

a v e l o c i t y  of 8 times t h e  mean i o n  v e l o c i t y  t h e  c u r r e n t  i s  i n c r e a s e d  by 

- 
t he  c u r r e n t  i s  i n c r e a s e d  about 40 +’ 

a f a c t o r  of about 8. Since t h e  i o n  c u r r e n t  i s  s t i l l  small compared 

w i t h  t h e  e l e c t r o n  c u r r e n t  t h e  motion of t h e  v e h i c l e  does n o t  a f f e c t  

t h e  r e t a r d i n g  p o t e n t i a l  a n a l y s i s  f o r  e l e c t r o n s .  
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Figure 2-1. Effect of vehicle velocity on ion current. 
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2.3.2 Rare fac t ion  i n  the  Vehicle Wake. A f u r t h e r  f a c t o r  a f f e c t i n g  

t h e  design of a probe experiment r e s u l t s  from t h e  l o c a l  d i s t u r b a n c e  of 

i o n  and e l e c t r o n  d e n s i t y  due t o  r a r e f a c t i o n  i n  the  wake of a body 

t r a v e l i n g  through t h e  plasma with a v e l o c i t y  comparable w i t h  o r  

g r e a t e r  than t h e  mean i o n  v e l o c i t y .  ( 2 - 2 )  Although t h e  e l e c t r o n s  have 

s u f f i c i e n t  v e l o c i t y  i n d i v i d u a l l y  t o  p e n e t r a t e  t h i s  r e g i o n  t h e  absence 

of a n e u t r a l i z i n g  p o s i t i v e  space charge p r e v e n t s  t h e  b u i l d  up of an 

a p p r e c i a b l e  e l e c t r o n  concen t r a t ion  wi th  the  r e s u l t  t h a t  t h e  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n  a l s o  shows a r a r e f a c t i o n  i n  t h e  wake of t h e  veh i -  

c le .  

which included i n  t h e  payload an e l e c t r o d e  i n  t h e  form of a d i s c  f l u s h -  

mounted i n  t h e  c y l i n d r i a l  s e c t i o n  of t he  payload housing. 

slowly executed a l a r g e  p r e c e s s i o n  cone wh i l e  spinning more r a p i d l y  

on i t s  l o n g i t u d i n a l  a x i s .  I t  was found t h a t  t h e  c u r r e n t  t o  t h i s  probe 

w a s  modulated i n  synchronism wi th  t h e  s p i n ,  being a minimum wi th  t h e  

e l e c t r o d e  a t  t h e  t r a i l i n g  s i d e  of t he  payload. The probe on a r o c k e t  

o r  s a t e l l i t e  should t h e r e f o r e  be l o c a t e d  so as t o  minimize t h e  pro- 

b a b i l i t y  of i t s  passage through t h e  r a r e f i e d  v e h i c l e  wake. 

This  e f f e c t  showedup c l e a r l y  i n  an e a r l y  f l i g h t  (Nike-Cajun 10.25) 

This r o c k e t  

2.4 MAGNETIC FIELD 

A f a c t o r  which i s  n o t  considered i n  simple probe theory i s  t h e  e f -  

f e c t  of a magnetic f i e l d .  I n  the  E r e g i o n  the  r a d i u s  of g y r a t i o n  

(Larmor r a d i u s )  f o r  e l e c t r o n s  i n  t h e  geomagnetic f i e l d  i s  about 1 cm. 

Since t h i s  dimension i s  less than t h e  mean f r e e  p a t h  of t h e  e l e c t r o n s  

and comparable wi th  t h e  s i z e  of t h e  probe normally used,  t h e  motions 

of e l e c t r o n s  i n t o  o r  away from t h e  probe must be profoundly a f f e c t e d .  
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I n  some unpublished l e c t u r e  n o t e s  F. F. Chen s ta tes  t h a t  i n  a magnetic 

f i e l d  weak enough t h a t  t h e  i o n  Larmor r a d i u s  i s  l a r g e  compared w i t h  

the  probe r a d i u s  and t h e  Debye l eng th  and hence t h a t  j+ i s  n o t  a f f e c t e d ,  

bu t  s t r o n g  enough t h a t  t h e  e l e c t r o n  Larmor r a d i u s  i s  comparable t o  o r  

smaller than t h e  r e l e v a n t  dimensions, t he  r a t i o  j / j  f a l l s  t o  10 o r  

20. 

about 200. Thus t h e  geomagnetic f i e l d  would tend t o  dec rease  t h e  ob- 

served v a l u e  of j e  by an o rde r  of magnitude. 

t h a t  t h i s  i s  t h e  case.  Chen a l s o  s t a t e s  t h a t ,  i n  t h e  presence of a 

weak magnetic f i e l d  t h e  r e t a r d i n g  p o t e n t i a l  a n a l y s i s  would n o t  be a f -  

f e c t e d  and t h e  r e s u l t i n g  v a l u e  of e l e c t r o n  temperature should be cor- 

rec t .  It should be po in ted  ou t  however, t h a t  t h e r e  e x i s t s  no compre- 

hens ive  mathematical  t r ea tmen t  of t h e  Langmuir probe theory i n  t h e  

presence of even a weak magnetic f i e l d .  This i s  of  no p a r t i c u l a r  con- 

c e r n  i n  r e s p e c t  of t h e  u s e  of t h e  probe t o  measure e l e c t r o n  d e n s i t y  

where o t h e r  methods (such as radio-frequency t echn iques )  can be used t o  

check and c a l i b r a t e  t h e  equipment. 

e +  

I n  t h e  absence of a magnetic f i e l d  t h e  r a t i o  j e / j  has  a v a l u e  of + 

There i s  some evidence 

There i s  no d i r e c t  method of 

measuring e l e c t r o n  temperature ,  however, which i s  n o t  based on 

Equat ion (1-4). 

. 2 . 5  MEASUREMENT OF IONOSPHERIC IRREGULARITIES 

An important  a s p e c t  of probes c a r r i e d  by r o c k e t s  and s a t e l l i t e s  

i s  t h e i r  a b i l i t y  t o  r e s o l v e  t h e  f i n e  s t r u c t u r e  of t h e  medium. This  i s  

most important  i n i t i a l l y  i n  r e s p e c t  t o  e l e c t r o n  d e n s i t y  where less d i r -  

e c t  methods, e . g . ,  r a d i o  star s c i n t i l l a t i o n s ,  have i n d i c a t e d  t h a t  

20 



significant variations exist having typical dimensions as small as 

200 meters. 
. 

A basic weakness of the conventional Langmuir probe technique is 

its poor time resolution. This follows because a complete sweep of 

potential of the electrode leads to only a single value of electron 

density and of electron temperature. In practice, the sweep duration 

is limited by two factors: (1) a bandwidth of the measuring device, 

and (2) the bandwidth of the telemetry system. A sweep duration of 

the order of one second is generally convenient for rocket and satellite 

measurements although this can be reduced to about 0.1 sec at the ex- 

pense of elaborating the instrument. However, an alternative method 

has been developed and used with considerable success. (2-3)  

The method is experimentally very simple but somewhat more diffi- 

cult to justify on theoretical grounds. It consists in changing the 

program of the voltage applied to the probing electrode from one of 

consecutive sweeps to a program in which occasional sweeps are separ- 

ated by periods of fixed voltage. In recent flights using the techni- 

que, the program consists of a sweep voltage of -2 .7 to +2.7 volt 

(duration 0.5 sec) alternating with a fixed voltage of +2.7 volt (dura- 

tion 1.5 sec), Figure 2-2.  
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Figure  2 - 2 .  Probe Voltage Program. 
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The probe c u r r e n t  a t  f i x e d  p o t e n t i a l  i s  p r o p o r t i o n a l  t o  e l e c -  

t r o n  d e n s i t y .  The only assumption made i s  t h a t  e l e c t r o n  temperature  

i s  c o n s t a n t ;  t h e  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  average v e l o c i t y  of t h e  

e l e c t r o n s  and hence v a r i e s  as (T ) 2 .  

t o  e l e c t r o n  d e n s i t y  h a s  been v e r i f i e d i n  t h e  f l i g h t  of a r o c k e t  

(Nike-Apache 14.31) which c a r r i e d  a D.C .  probe and a C.W. propogat ion 

1 - 
The p r o p o r t i o n a l i t y  of c u r r e n t  e 

. experiment,  t h e  l a t t e r  prepared by S .  J. Bauer. 

The d i s t a n c e  r e s o l u t i o n  of t h e  instrument  used i n  t h i s  way depends 

on t h e  v e h i c l e  v e l o c i t y  and t h e  bandwidth of t h e  system ( inc lud ing  tele- 

me t ry ) .  

1 k c / s e c  t h e  d i s t a n c e  r e s o l u t i o n  i s  l m ,  more than  adequate  f o r  p r e s e n t  

a p p l i c a t i o n s .  I n  a s a t e l l i t e  having a v e l o c i t y  of 8 km/sec t h e  band- 

width r e q u i r e d  t o  g i v e  a d i s t a n c e  r e s o l u t i o n  of 80m would be 100c/sec.  

For a r o c k e t  w i th  a v e l o c i t y  of 1 km/sec and a bandwidth of 
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2.6 TELEMETRY REQUIREMENTS 

The bandwidth r e q u i r e d  i n  t h e  t e l eme t ry  channel i s  p r i n c i p a l l y  

determined by t h e  lower l i m i t  of e l e c t r o n  temperatures .  I n  t h e  lower 

E r e g i o n  v a l u e s  of e l e c t r o n  temperature as low as 300 K have been 

measured and i t  i s  probably d e s i r a b l e  t h a t  t h e  l i m i t  f o r  t h e  measure- 

ment be s e t  a t  100°K. 

about 0.01 v o l t .  Now t h e  sweep v o l t a g e  app l i ed  t o  t h e  probe h a s  a 

s l o p e  of 10 v o l t s / s e c  which i s  equal  t o  an increment of 

1 msec, 

t h e  e x p o n e n t i a l l y  r i s i n g  c u r r e n t  i n  t h e  r e t a r d i n g  p o t e n t i a l  r e g i o n  i s  

t o  be t r a n s m i t t e d .  

0 

This  corresponds t o  a mean e l e c t r o n  energy of 

0.01 v o l t  i n  

This  i n d i c a t e s  t h a t  t h e  bandwidth should be about 1 k c / s e c  i f  

The ou tpu t  of t h e  instrument  i s  an analog v o l t a g e  and may be t r a n s -  

m i t t e d  by any s t anda rd  t e l eme t ry  system. It h a s  been found t h a t  t h e  

J?M/FM system i s  t h e  most convenient manner of t e l eme te r ing  f o r  t h i s  

i n s t rumen t  when used on sounding r o c k e t s .  

2 .7  CONTACT POTENTIAL 

A f e a t u r e  of t h e  c u r r e n t - v o l t a g e  p l o t s  ob ta ined  on r o c k e t  f l i g h t s  

u s ing  t h e  b i - p o l a r  arrangement i s  t h a t  they do n o t  p a s s  through t h e  

o r i g i n  of coord ina te s .  Thus wi th  ze ro  p o t e n t i a l  a p p l i e d  t o  t h e  e l e c -  

t r o d e  ( e i t h e r  nose o r  s i d e )  t h e  c u r r e n t  i s  n o t  zero.  S i m i l a r l y  t h e  

e l e c t r o d e  must be made p o s i t i v e  wi th  r e s p e c t  t o  t h e  r o c k e t  body t o  re- 

duce t h e  probe c u r r e n t  t o  ze ro .  Comparison of a c t u a l  and t h e o r e t i c a l  

p l o t s  shows t h a t  t h e  curve i s  d i s p l a c e d  along t h e  v o l t a g e  a x i s  r a t h e r  



t han  t h e  c u r r e n t  a x i s .  

i n g  i n  t h e  probe c i r c u i t .  This  b i a s  v o l t a g e  u s u a l l y  l i e s  between 0.5 

and 1 . 0  v o l t  and may change slowly wi th  t i m e ,  F igu re  2 - 3 .  

Thus t h e  e f f e c t  i s  due t o  a b i a s  v o l t a g e  appear- 

The b i a s  i s  be l i eved  t o  be an e f f e c t  produced by c o n t a c t  p o t e n t i a l  

though no complete exp lana t ion  can be given.  It  has  been observed i n  

l a b o r a t o r y  t e s t s  t h a t ,  wh i l e  t h e r e  i s  no b i a s  v o l t a g e  when an  ohmic 

(carbon) r e s i s t o r  i s  used as a load ,  t h e  b i a s  appears  when a v e r y  d i -  

l u t e  s o l u t i o n  of common s a l t  i s  used. This  w a s  a l s o  n o t i c e d  on one 

occas ion  (Nike-Cajun 10.108) t h e  b i a s  v o l t a g e  appeared as sa l t  spray 

accumulated on t h e  r o c k e t  during t h e  pre-launch p e r i o d .  ( I n c i d e n t a l l y ,  

t h e  leakage c u r r e n t  due t o  t h e  s a l t  spray disappeared a t  l aunch) .  

The c o n t a c t  p o t e n t i a l  presumably ar ises  from t h e  u s e  of d i s s i m i l a r  

metals f o r  t h e  two e l e c t r o d e s  of t h e  b i - p o l a r  arrangement. The change 

du r ing  f l i g h t  i s  b e l i e v e d  t o  be due t o  t h e  h e a t i n g  of t h e  e l e c t r o d e s  

du r ing  t h e  launch phase.  

The a c t u a l  v a l u e  of t h e  c o n t a c t  p o t e n t i a l  i s  of no consequence i n  

t h e  normal r e t a r d i n g  p o t e n t i a l  a n a l y s i s  s i n c e  t h e  p o t e n t i a l s  are auto- 

m a t i c a l l y  r e f e r r e d  t o  plasma p o t e n t i a l .  I t  does,  however, somewhat 

a f f e c t  t h e  f i x e d - v o l t a g e  mode of o p e r a t i o n  of t h e  probe s i n c e  any 

change i n  c o n t a c t  p o t e n t i a l  produces an equa l  change i n  t h e  p o t e n t i a l  

of t h e  probe wi th  r e s p e c t  t o  t h e  plasma. When t h i s  e f f e c t  i s  import-  

a n t  a c o r r e c t i o n  may be ob ta ined  from t h e  i n d i v i d u a l  c u r r e n t - v o l t a g e  

p l o t s .  
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2.8  PROBE I N  THE D REGION 

I n  daytime f l i g h t s  probe c u r r e n t  i s  f i r s t  measured a t  about 50 km 

and a t  n i g h t  a t  about 75  km. P r o f i l e s  ob ta ined  on four  r e c e n t  f l i g h t s  

a r e  shown i n  F igure  2-4. Nike-Cajun 10.99 was a pre-dawn f l i g h t  i n t o  

a q u i e t  ionosphere wi th  sporadic  E p r e s e n t  ( t h e  b i f u r c a t e d  l a y e r  between 

98 and 102 km). Nike-Cajun 10.108 was a l s o  a pre-dawn f l i g h t  b u t  i n t o  

a d i s t u r b e d  ionosphere ( ind ica t ed  by t h e  ionosonde) .  Nike-Cajun 10.109 

w a s  launched a t  sunse t  i n t o  a q u i e t  ionosphere wi th  spo rad ic  E p r e s e n t  

(poss ib ly  t h e  peak a t  110 km). 

p r o f i l e .  

Nike-Apache 14.86 gave a t y p i c a l  daytime 

The p r o p o r t i o n a l i t y  o f  probe c u r r e n t  t o  e l e c t r o n  d e n s i t y  can be 

j u s t i f i e d  on t h e o r e t i c a l  grounds a t  h e i g h t s  g r e a t e r  than  90 km. The 

gene ra l  appearence of  t hese  p r o f i l e s ,  however, s t r o n g l y  sugges t  t h a t  

t h i s  p r o p o r t i o n a l i t y  i s  a l s o  t r u e  i n  t h e  lower p o r t i o n s  of t h e  p r o f i l e s .  

I n  t h e  daytime p r o f i l e  t h e  so -ca l l ed  C l a y e r  may be i d e n t i f i e d  between 

50 and 65 km wi th  t h e  peak a t  58 km. 

and 82 km, corresponds wi th  t h e  abso rp t ion  of  Lyman-a r a d i a t i o n .  The 

n igh t t ime  p r o f i l e s  show a g e n e r a l l y  s t e e p e r  g r a d i e n t .  Pending f u r t h e r  

a n a l y s i s  of t h e  ope ra t ion  of t h e  D . C .  probe and p o s s i b l e  comparison 

w i t h  independent techniques  t h e  p r o f i l e  of  probe c u r r e n t  should be 

taken t o  i n d i c a t e  t h e  type  of  s t r u c t u r e  t h a t  p r e v a i l s  i n  t h e  D r eg ion  

and t h e  v a l u e s  of  e l e c t r o n  d e n s i t y  d i s r ega rded .  

The D l a y e r ,  occu r r ing  between 65 
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SECTION 3 

INSTRUMENTATION 

3 . 1  GENERAL ARRANGEMENT 

The instrument  has  been cons t ruc t ed  i n  s e v e r a l  models d i f f e r i n g  

i n  d e t a i l  b u t  with the  same b a s i c  c i r c u i t  arrangement. The instrument  

has  been used most f r e q u e n t l y  with t h e  nose t i p  of t he  r o c k e t  as the  

probing e l e c t r o d e .  This may be seen i n  Figure 3-1 which shows the  

payload of Nike-Cajun 10.52. The c i r c u l a r  e l e c t r o d e  on the  s i d e  of 

t h e  payload w a s  found t o  be u n s a t i s f a c t o r y  and was no t  used on subse- 

quent f l i g h t s .  Otherwise the e x t e r n a l  c o n f i g u r a t i o n  has  remained the  

same. The probe in s t rumen ta t ion  occupies the  top t h r e e  decks v i s i b l e  

i n  t h e  f i g u r e  while  t he  lower p a r t  of t he  in s t rumen ta t ion  r ack  i s  used 

f o r  power s u p p l i e s  and t e l eme te r ing  equipment. The upper encapsulated 

s e c t i o n  c o n t a i n s  two magnetic a spec t  s enso r s .  

A d i f f e r e n t  v e r s i o n  of t he  instrument  was b u i l d  t o  be flown i n  

t h e  nose of an Aerobee. The u n i t ,  shown i n  Figure 3-2 wi th  the  h e a t  

s h i e l d  removed from t h e  upper s e c t i o n  (program u n i t ) ,  was 

flown on Aerobee 4.48.  The b a s i c  method of c o n s t r u c t i o n  has  been r e -  

t a i n e d  i n  subsequent f l i g h t s  of Nike-Apache r o c k e t s .  

28 
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F i g u r e  3-1. Payload of Nike-Cajun 10.52. 
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Figure 3-2.  Instrument with heat shield removed. 
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The b a s i c  c i r c u i t  of t h e  probe i s  shown schemat i ca l ly  i n  Figure 

3 - 3 .  The two main p a r t s  a r e  the  electro-mechanical  program u n i t  and t h e  

e l e c t r o m e t e r .  The program u n i t  i s  so c a l l e d  because i t  c r e a t e s  the 

v o l t a g e  f u n c t i o n  app l i ed  t o  the  probe. The e l ec t rome te r  conve r t s  t he  

probe c u r r e n t  t o  an analog v o l t a g e  which i s  the  ou tpu t  of t he  instrument .  

The program u n i t  forms the  upper p a r t  of t he  complete instrument  

which i s  cons t ruc t ed  i n  modular form. The lower p a r t  c o n t a i n s  a cen- 

t r a l  wi r ing  channel t o  which four sub-assemblies a r e  a t t ached :  t h e  

program u n i t  from the  top,  t he  e l ec t rome te r  from the  f r o n t  and, from 

the  back , the  b a t t e r y  box and the  u n i t  con ta in ing  t h e  t h y r i t e  r e s i s t o r  

and t h e  c a l i b r a t i o n  r e s i s t o r .  The diameter of t he  base i s  5-1/2 i n .  

and the  h e i g h t  8-1/2 i n .  

a 6 -1 /2  i n .  diameter a t  t he  base and a 20' included ang le .  

of t he  complete instrument  i s  5 l b .  

The u n i t  can be i n s t a l l e d  i n s i d e  a cone having 

The weight 

The instrument  i s  normally used wi th  a c o n i c a l  e l e c t r o d e  having 

The c o n s t r u c t i o n  i n  e i t h e r  case  i s  an included angle  of 1l0 o r  20°. 

t he  same and i s  shown i n  Figure 3-4 f o r  an 11 cone. The e l e c t r o d e  

assembly r e p l a c e s  the  s tandard nose t i p  and t h e r e f o r e  does no t  add ex- 

t r a  weight t o  the  payload. E l e c t r i c a l  connect ion i s  made through the  

rod which mates wi th  a s p e c i a l  connector on t h e  instrument  and a l lo l l s  

a l i m i t e d  amount of r e l a t i v e  motion (such as r e s u l t s  from thermal ex- 

pansion of t he  payload housing) .  

0 
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227 O/CB24 -10 

Figure 3 - 4 .  Nose t i p  electrode. 
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3.2 PROGRAM UNIT 

The program u n i t  s e rves  t h r e e  main func t ions :  

(1) Sweep g e n e r a t o r .  A l i n e a r  potent iometer  (5k ohm) i s  d r iven  

i n  continuous r o t a t i o n  a t  about 2 r p s .  

(2) Mode Switching. A cam-operated microswitch a l t e r n a t e s  t h e  

mode of o p e r a t i o n  between a s i n g l e  sweep (-2.7 v o l t s  + 2 . 7  v o l t ,  dura- 

t i o n  0 . 5  s e c )  and a pe r iod  of f ixed  v o l t a g e  (+2.7 v o l t ,  d u r a t i o n  1 . 5  

s e c ) .  

(3) C a l i b r a t i o n .  A second cam-operated microstri tch i n s e r t s  a 

f i x e d  r e s i s t o r  i n  p l a c e  of t he  probe a t  i n t e r v a l s  of 20 seconds €or the 

d u r a t i o n  of a s i n g l e  sweep. 

The c o n s t r u c t i o n  of t he  program u n i t  i n  the most r e c e n t  i n s t rumen t s  

i s  shown i n  F igu re  3-5. A dc motor (Globe I n d u s t r i e s ,  No. 41A345) wi th  

a s h a f t  speed of 100 r p s  d r i v e s  the  potent iometer  a t  2 r p s .  This  i s  

followed by t h e  mode-switching cam (il l)  a t  1 / 2  r p s  and the  c a l i b r a t i o n  

cam (112) a t  1/20 r p s .  I n  s o m e  a p p l i c a t i o n s  a commutator has been added 

on t h e  s h a f t  c a r r y i n g  cam i l l .  

a s p e c t  s enso r s  and had no e l e c t r i c a l  connection wi th  the  p robe ) .  

(The commutator was used wi th  magnetic 

Inaccurac i e s  due t o  v a r i a t i o n  of motor speed a r e  e l imina ted  by moni- 

t o r i n g  the  speed. A magnetic pick-up i s  e x c i t e d  by a f i v e - p o l e  genera- 

t o r  on the  motor s h a f t  g iv ing  an ac  s i g n a l  of 500 c y c l e s  pe r  second 

(nominal).  Using a small t ransformer t h i s  i s  added t o  t h e  output  of t he  

instrument  a t  an amplitude of 100 mv (peak-to-peak).  Each cyc le  c o r r e s -  

ponds t o  a f i x e d  increment i n  sweep v o l t a g e .  A r e s i s t o r  (about 1 K  ohm) 
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i s  added i n  series with the sweep potent iometer  t o  g i v e  an increment of 

e x a c t l y  0.02 v o l t  pe r  cyc le .  The presence of t hese  v o l t a g e  markers 

on t h e  t e l eme t ry  r eco rd  has  been found t o  f a c i l i t a t e  da t e - r educ t ion  as 

w e l l  as t o  i n c r e a s e  t h e  accuracy of t he  measurement. Power f o r  t he  

motor i s  ob ta ined  from the  main supply (+28 v o l t )  while  t h e  probe vo l -  

t age  i s  de r ived  from two 2.7 v o l t  mercury c e l l s  (Mallory TR-132R). The 

l a t t e r  supply i s  switched on by means of a r e l a y .  

3 . 3  ELECTROMETER 

The probe c u r r e n t  i s  measured i n  the e l e c t r o m e t e r ,  Figure 3-6. 

The tubes i n  t h e  i n p u t  s t a g e  of t h i s  balanced c i r c u i t  are type 6946 

(Sy lvan ia ) .  This  i s  a rugged tube s u i t a b l e  f o r  t he  seve re  environment 

of sounding r o c k e t s .  Tubes having g r i d  c u r r e n t s  less  than 10 amp 

a r e  s e l e c t e d  f o r  u se  i n  t h e  e l ec t rome te r .  The e l ec t rome te r  employs 

100 p e r c e n t  c u r r e n t  feedback. A novel f e a t u r e  i s  t h e  use of a t h y r i t e  

r e s i s t o r  (General E l e c t r i c ,  Magnetic M a t e r i a l s  D iv i s ion )  as t h e  feed- 

back element which r e s u l t s  i n  a compressed s c a l e .  The c a l i b r a t i o n  curve 

of one having a f u l l  s c a l e  c u r r e n t  of about 15 microc'.!:? i s  shown i n  Figure 

3-7. Note t h a t  t he  ou tpu t  of t he  e l ec t rome te r  i s  M.6 v o l t  f o r  zero 

c u r r e n t  a t  t h e  i n p u t  of t h e  e l ec t rome te r .  

i o n  c u r r e n t s  t o  be measured w i t h i n  the  l i m i t s  of 0 and 5 v o l t  p r e s c r i b e d  

by t h e  s t anda rd  te lemetry systems. 

- 10 

This al lows small  p o s i t i v e -  

The t h y r i t e  r e s i s t o r  a lone determines the  o v e r a l l  s e n s i t i v i t y  of 

t h e  in s t rumen t .  With t h e  p a r t i c u l a r  e l e c t r o d e  a t  p r e s e n t  i n  u s e  an 

e l e c t r o n  d e n s i t y  of 10 cm3 g ives  a probe c u r r e n t  ( a t  +2.7 v o l t )  of 4 
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about 1 microamp. Thus f o r  daytime E r eg ion  measurements a t h y r i t e  

g iv ing  a c u r r e n t  of 30 micoramp (measured a t  5 v o l t )  would be s e l e c t e d  

whi le  a t  n i g h t  one g iv ing  a c u r r e n t  between 5 and 10 microamp ( a t  5 v o l t )  

would be appropr i a t e .  Thyr i t e s  which show a marked p o l a r i t y  e f f e c t  

( i . e .  t he  magnitude of t he  c u r r e n t  depends on t h e  p o l a r i t y  of t h e  ap- 

p l i e d  v o l t a g e )  a r e  r e j e c t e d .  Thyr i t e s  a r e  a l s o  r a t h e r  temperature  sen- 

s i t i v e ;  they are t h e r e f o r e  thermally sh i e lded  and i n  a d d i t i o n  a r e  c a l i -  

b r a t e d  a t  r e g u l a r  i n t e r v a l s  during the  f l i g h t .  

Power f o r  t h e  instrument  i s  obtained from main supply (200 mil l iamp 

I n  a d d i t i o n  t h e  e lec t rometer  r equ i r ed  a nega t ive  supply a t  +28 v o l t ) .  

( l m i l l i a m p  a t - 6 . 8 v o l t )  which can convenient ly  be obta ined  from mercury 

c e l l  7. 

3.4 SPECIAL NOTES 

The payload housing and rocke t  motor cas ing  form the  second e l e c -  

t rode  of t he  b i -po la r  system. Any v o l t a g e s  developed ac ross  p o r t i o n s  

of t he  e x t e r n a l  su r f ace  must be c a r e f u l l y  considered t o  avoid i n t e r -  

f e r i n g  wi th  t h e  ope ra t ion  of t he  probe.  One p recau t ion  t h a t  has  been 

adopted i s  t o  disconnect  a l l  s i g n a l s  from the  umbi l ica l  connector  

us ing  r e l a y s  w i t h i n  t h e  payload. 

A second p o s s i b l e  problem concerns rocke t  gas  which could conceiva- 

b l y  d i s t u r b  the  ionosphere i n  the  v i c i n i t y  of t he  e l e c t r o d e .  Trouble 

from t h i s  cause i s  avoided by s e a l i n g  the  payload wi th  O-rings a t  t h e  

nose t i p  and provid ing  ven t  h o l e s  toward t h e  r e a r :  four  h o l e s ,  0 .75 i n .  

diameter  equa l ly  spaced on the  circumference.  Venting a l s o  permi ts  t he  

39 
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i n c l u s i o n  i n  t h e  payload of an a l t i t u d e  switch.  This i s  used f o r  arming 

a door r e l e a s e  mechanism (when used) and i n  determining t r a j e c t o r y .  (3-1) 

A f u r t h e r  p recau t ion  which i s  observed i s  t o  l i m i t  t h e  power of 

t h e  t e l eme t ry  t r a n s m i t t e r .  I t  has  been found on two occasions t h a t  r f  

breakdown a t  t h e  antennas sup res ses  the  probe c u r r e n t ;  t h e  v e h i c l e  be- 

comes a few v o l t s ' n e g a t i v e  wi th  r e s p e c t  t o  the  plasma p o t e n t i a l .  

quadraloop antennas seen i n  Figure 3-1 with a t r a n s m i t t e r  developing 

Using 

5 wat t s  ( a t  231.4 Mc/sec) breakdown occurred i n t e r m i t t e n t l y  between 55 

and 80 km. 

w a t t s .  

No breakdown has  been observed a t  t he  norma', power of 2 

3 .5  DATA REDUCTION 

The te lemetered s i g n a l  i s  always tape recorded a t  two independent 

ground s t a t i o n s .  A t  t h e  same time a r e a l - t i m e  r eco rd  i s  obtained a t  

a c h a r t  speed of 10 i n . / s e c  and a s e n s i t i v i t y  of 1 i n . / v o S t .  This high- 

speed r eco rd  i s  used t o  obtained e l e c t r o n  temperatures .  

r eco rd  i s  a l s o  p repa red ,  g e n e r a l l y  by play-back of t he  t a p e ,  bu t  some- 

t imes i n  r e a l - t i m e ,  a t  a c h a r t  speed of 0.25 i n . / s e c  and a s e n s i t i v i t y  

of 1 i n . / v o l t .  

channel i s  reduced t o  about 100 c y c l e s  pe r  second. This e l i m i n a t e s  the  

small  ac  s i g n a l  which a t  t he  slow speed would merely broaden t h e  t r a c e .  

A slow-speed 

For t h i s  r eco rd  the  normal bandwidth of t h e  t e l eme t ry  

The slow-speed r eco rd  immediately shows the  e l e c t r o n  d e n s i t y  pro- 

f i l e .  An example i s  given i n  Figure 3-8 which was obtained about one 

hour be fo re  dawn. The record on descent  was pho tograph ica l ly  r eve r sed  
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f o r  e a s i e r  comparison wi th  the  corresponding p o r t i o n  on a scen t .  The 

h e i g h t  s c a l e  i s  obta ined  d i r e c t l y  from rada r  d a t a .  The e l e c t r o n  dens i ty  

s c a l e  i s  obta ined  from the  p r e - f l i g h t  or  i n - f l i g h t  c a l i b r a t i o n  us ing  a 

s c a l i n g  f a c t o r  ob ta ined  from daytime measurements when the  abso lu te  va lue  

e l e c t r o n  d e n s i t y  a t  t h e  peak of the  E l aye r  may be obta ined  from a l o c a l  

ionosonde. The s c a l i n g  f a c t o r  used i n  t h i s  ca se  i s  1.1 x 10 amp 

equ iva len t  t o  1 . 0  x 10 cm . 

- 6  

4 - 3  

The r educ t ion  of t he  d a t a  t o  o b t a i n  e l e c t r o n  temperature  i s  r a t h e r  

t ed ious .  Ind iv idua l  sweeps of probe v o l t a g e  must f i r s t  be measured on 

t h e  high-speed c h a r t  record  and a graph prepared of c u r r e n t  a g a i n s t  

v o l t a g e .  The p a r t  of  t he  graph r ep resen t ing  c o l l e c t i o n  of p o s i t i v e  i o n s  

i s  ex t r apo la t ed  as shown i n  Figure 3-3 and sub t r ac t ed  from the  t o t a l  

probe c u r r e n t  t o  g ive  e l e c t r o n  c u r r e n t .  This  i s  then p l o t t e d  on a con- 

ven t iona l  semi-log p l o t  as shown i n  Figure 3-10. The s lope  of t h e  

l i n e a r  p a r t  of t h i s  semi-log p l o t  g ives  the  e l e c t r o n  temperature  d i r e c t l y .  

I n  p r i n c i p l e  the  absol.ute va lue  of e l e c t r o n  d e n s i t y  can a l s o  be obta ined  

from t h i s  p l o t  by i d e n t i f y i n g  the  p o i n t  a t  which the  probe i s  a t  t he  

p o t e n t i a l  of t he  plasma; t h i s  i s  normally taken t o  be the  upper l i m i t  

of t he  l i n e a r  p o r t i o n  of t he  p l o t .  I n  p r a c t i c e  i t  i s  d i f f i c u l t  t o  iden-  

t i f y i n g  the  p o i n t  accu ra t e ly  due t o  the  gradual  curva ture  of the  graph.  

I t  i s  found, i n  a d d i t i o n ,  t h a t  t he  abso lu te  va lues  obta ined  i n  t h i s  way 

a r e  s i g n i f i c a n t l y  lower than theory i n d i c a t e s .  The discrepancy has  

n o t  y e t  been adequately expla ined  and i t  i s  recommended t h a t  t h i s  method 

of a n a l y s i s  n o t  be used t o  o b t a i n  e l e c t r o n  d e n s i t y .  
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SECTION 4 

CONCLUSION 

The D.C. probe i s  an extremely va luab le  instrument  f o r  sounding 

r o c k e t s  i n  t h e  ionosphere.  

no s t r u c t u r a l  changes i n  a s tandard payload housing, and consequently 

i s  h igh ly  r e l i a b l e .  

been developed i s  the  a b i l i t y  t o  r e s o l v e  f i n e  s t r u c t u r e  i n  t h e  ionos- 

phere.  r t  shows up most s t r i k i n g l y  the  s t e e p  g r a d i e n t s  t y p i c a l  of 

Sporadic E l a y e r s  bu t  has  a l s o  r evea led  many o t h e r  i r r e g u l a r i t i e s  of 

t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  I t  appears t h a t  t he  i r r e g u l a r i t i e s  a r e  

c h a r a c t e r i s t i c  of t h e  ionosphere up t o  90 km during the  day and up t o  

120 km a t  n i g h t .  

It i s  very simple i n  c o n s t r u c t i o n ,  r e q u i r i n g  

The g r e a t e s t  advantage of t he  instrument  as i t  has  

The most s i g n i f i c a n t  d e v i a t i o n  from Langmuir probe theory which 

has  been encountered concerns t h e  a c t u a l  va lue  of the e l e c t r o n  random 

c u r r e n t  d e n s i t y .  The obse rva t ions  i n d i c a t e  v a l u e s  t h a t  a r e  lower than 

the  t h e o r e t i c a l  v a l u e s  by a f a c t o r  approaching an o rde r  of magnitude. 

Some u n c e r t a i n t y  i s  introduced by t h e  d i f f i c u l t y  of i d e n t i f y i n g  e x a c t l y  

the  p o i n t  a t  plasma p o t e n t i a l  b u t  t h i s  i s  no t  enough t o  account f o r  the 

low e l e c t r o n  c u r r e n t .  I t  i s  be l i eved  t h a t  t he  exp lana t ion  of t he  d i s -  

crepancy can be a t t r i b u t e d  t o  the  e f f e c t  of t he  e a r t h ' s  magnetic f i e l d .  

This  p o i n t  i s  by no means c l e a r e d  up and, pending f u r t h e r  evidence,  
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.either experimental or theoretical, the probe is being used in an 

empirical manner. The measurement of electron temperature is remarkably 

independent of such factors as electrode geometry and the geomagnetic 

field and the technique is used with confidence. 

The lowest height to which the Langmuir probe mode of operation 

is valid has not been established definitely. The high gas density and 

low electron density below 90 km invalidates the simple probe theory in 

the D region but there is no clear indication in the actual measurements 

where the height limit is to be placed. In fact acceptable profiles of 

electron density down to 50 km are obtained by ignoring the restrictions 

and applying Langmuir probe theory. The significance of the D region 

in radio communication, particularly under conditions of high absorp- 

tion (radio blackout), make the D.C. probe an important instrument for 

use in the lowest region of the ionosphere and further investigation of 

its use is indicated. 
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APPENELX A 

THE ASYMMETRICAL BI-POLAR PROBE 

Consider an asymmetrical b i - p o l a r  probe c o n s i s t i n g  of two e l e c -  

t r o d e s  of unequal s u r f a c e  area between which a p o t e n t i a l  may be app l i ed  

and t h e  r e s u l t i n g  c u r r e n t  measured. I t  i s  assumed t h a t  (1) t h e  e l e c -  

t r o n  v e l o c i t y  d i s t r i b u t i o n  i s  Maxwellian and can be r ep resen ted  by t h e  

temperature T and ( 2 )  t h e  sheath th i ckness  i s  small  compared wi th  t h e  

r a d i u s  of cu rva tu re  of t he  e l e c t r o d e s ,  so t h a t  t he  c u r r e n t  s a t u r a t e s  

f o r  a c c e l e r a t i n g  p o t e n t i a l s .  

I n i t i a l l y ,  w i th  both e l e c t r o d e s  a t  t he  same p o t e n t i a l ,  t he  system 

assumes a nega t ive  p o t e n t i a l  with r e s p e c t  t o  the  plasma, t he  f l o a t i n g  

p o t e n t i a l ,  V g iven  by 
f '  

where k i s  Boltzmann's cons t an t  

T t h e  equ iva len t  e l e c t r o n  temperature 

e t h e  e l e c t r o n i c  charge 

e 

t h e  e l e c t r o n  random c u r r e n t  d e n s i t y  

the  p o s i t i v e  ion  random c u r r e n t  d e n s i t y .  

'e 

j+  
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A p o t e n t i a l  V i s  app l i ed  between the e l e c t r o d e s ,  V being taken t o  

be p o s i t i v e  when the  smaller  ( a r e a  A ) i s  p o s i t i v e  wi th  r e s p e c t  t o  the  

l a r g e r  ( a r e a  A1). 

V1 and V 2 ,  where 

2 

The p o t e n t i a l s  of the e l e c t r o d e s  assume new v a l u e s  

- v1 V = v2 

The e l e c t r o n  c u r r e n t s  t o  the  e l e c t r o d e s  a r e ,  f o r  r e t a r d i n g  p o t e n t i a l s ,  

i = A j exp[eVl/kTe] e l  l e  
(A-3) 

i e2 = A 2 j e exp[eV2/kTe1 (A- 4 1 

where t h e  s u b s c r i p t s  1 and 2 r e f e r  t o  the l a r g e r  and smaller  e l e c t r o d e ,  

r e  spec t i v e  l y  . 

I t  i s  convenient a t  t h i s  p o i n t  t o  in t roduce  two parameters:  t h e  

area r a t i o :  

c = A ~ / A ~  (A- 5 )  

and the  v o l t a g e  r a t i o :  

y = eV/kTe (A- 6 ) 

wi th  a p p r o p r i a t e  s u b s c r i p t s  f o r  V being app l i ed  t o  y .  Thus 7 i s  the  

p o t e n t i a l  V expressed as a m u l t i p l e  of t h e  e l e c t r o n  energy i n  v o l t a g e  

u n i t s .  

Now t h e  p o s i t i v e  i o n  c u r r e n t s  t o  t h e  two e l e c t r o d e s  a r e  indepen- 

dent  of V and V and have v a l u e s  1 2 

i = A  j +1 1 +  

and 

i = A  j +2 2 +  
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The t o t a l  e l e c t r o n  c u r r e n t  must be numerical ly  equal  t o  the  t o t a l  pos i -  

t i v e  i o n  c u r r e n t ,  t h a t  i s  

i + i  = i  + i  (A- 9 1 e l  e2 +1 +2 

From (A-3) and (A-4): 

t h a t  i s  

i / i  = (J e x p [ - ~ ]  e l  e2 

and from (A-7) and ( A - 8 ) :  

i+l/i+2 = CJ- 

F i n a l l y  the  probe c u r r e n t  i i s  given by 

(A-11) 

(A- 12) 

i = i  - i  (A- 13) +1 e l  

Therefore ,  us ing  (A-9), (A-11), (A-12) and (A-13), w e  f i nd :  

(A- 14) 

This  i s  t h e  mathematical  formulat ion of t h e  cu r ren t -vo l t age  charac-  

t e r i s t i c  of an asymmetrical b i -po la r  probe having an a r e a  r a t i o  a(> - 1 ) .  

I t  i s  p l o t t e d  i n  F igure  A - 1  f o r  va lues  of cr of 1, 10 ,  100, and 1000. 

The curve f o r  t h e  symmetrical b i - p o l a r  probe (u = 1 )  i s  p o i n t  symmetric 

about t h e  o r i g i n  (only t h e  p o s i t i v e  h a l f  i s  shown). 

g r e a t e r  than  100, t he  curves become p o i n t  symmetric about t he  p o i n t  

For va lues  of (J ' 

i/i = 0 .5  +1 
and 

7 = loge ( 2  + u) .  

(A- 15) 

(A- 16) 
e 
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We must now in t roduce  the  r e s t r i c t i o n  t h a t  t he  above a n a l y s i s  i s  

v a l i d  only f o r  r e t a r d i n g  p o t e n t i a l s  on the  e l e c t r o d e s .  For a c c e l e r a t i n g  

p o t e n t i a l s ,  t h e  e l e c t r o n  c u r r e n t  i s  l i m i t e d  t o  the  random c u r r e n t  den- 

s i t y .  Now t h e  p o t e n t i a l s  of t he  two e l e c t r o d e s ,  q1 and v 2 ,  are given 

by 

and 

(A- 17) 

(A- 18) 

S a t u r a t i o n  occurs  when t h e  smaller  e l e c t r o d e  r eaches  space p o t e n t i a l  

( v 2  = 0)  a t  a va lue  of 7 given by 

(A- 19)  

and a va lue  o f  i given by 

i /i  = ( j e / j +  - l) /cr (A- 20)  
+1 

If CT < (je/j+ - l ) ,  no e l e c t r o n  c u r r e n t  s a t u r a t i o n  occurs .  

The p o i n t  a t  which e l e c t r o n  c u r r e n t  s a t u r a t i o n  occurs  i s  thus de- 

termined by the  a r e a  r a t i o  cr and the  random c u r r e n t  d e n s i t y  r a t i o  

je / j+.  

r e n t  s a t u r a t i o n .  I n  the  ionosphere the  va lue  of j / j  i s  computed t o  

be about 200. 

The s h o r t  h o r i z o n t a l  l i n e s  i n  F igu re  A - 1  i n d i c a t e  e l e c t r o n  cur-  

e +  

The f l o a t i n g  p o t e n t i a l  7 (=eV /kT ) i s  from equa t ion  (A-I) ,  f f e  

exp(rlf) = j e / j+  (A- 21) 
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and t h e r e f o r e ,  a s  might be expected, f o r  very l a r g e  u (>> je/ j+) t h e  

smaller  e l e c t r o d e  Ea tu ra t e s  when '1 i s  equal  t o  t he  f l o a t i n g  p o t e n t i a l .  

I n  o t h e r  words, f o r  s u f f i c i e n t l y  l a r g e  CT t h e  smaller  e l e c t r o d e  i s  es-  

s e n t i a l l y  a s i n g l e  probe and the l a r g e r  e l e c t r o d e  ma in ta ins  a cons t an t  

p o t e n t i a l  equal  t o  t h e  f l o a t i n g  p o t e n t i a l .  We may determine how l a r g e  

u must be f o r  such a s i m p l i f i c a t i o n  t o  be made; i t  e v i d e n t l y  must be 

s e v e r a l  t i m e s  t h e  va lue  of j e / j  

A - 1  a r e  r e p l o t t c d  on semi-log paper i n  the  manner used on d e r i v i n g  

e l e c t r o n  temperature.  On t h i s  p l o t  t h e  o r d i n a t e  i s  

I n  Figure A - 2  t h e  curves of Figure +' 

(A- 22)  

The s i n g l e  Langmuir probe i s  c h a r a c t e r i z e d  by a l i n e a r  p l o t  on 

semi-log paper .  

p l o t s  a r e  ve ry  c l o s e  t o  l i n e a r  f o r  A i / i+ l  < 0 .1 .  

t i o n  occurs  a t  A i / i  

asymmetrical b i - p o l a r  probe may be analyzed as a s i n g l e  probe i s  

It i s  seen i n  Figure.".-I t h a t  f o r  a l l  v a l u e s  of u t h e  

Now e l e c t r o n  s a t u r a -  

= ( je / j+) /u .  Therefore the cond i t ion  t h a t  t h e  +1 

u 10 (je/; , ) .  (A- 23)  
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